Differences in reproductive biology and ecology failed to explain patterns of synchrony among species. Species with planktonic larvae were no more likely to be synchronised than those without. There was a tendency for species living higher on the shore to be more synchronised post-1992, but species predominant on waveexposed shores were no more synchronous than sheltered-shore species. The more synchronised species in this study need to be monitored at relatively few sites to detect change, whereas more sites may be needed for species where change occurs 2 on a local scale. Population synchrony also suggested usefulness of species as indicators of large-scale change: the barnacle Semibalanus balanoides is the best indicator among species in the study area.
INTRODUCTION
While explicit studies of population synchrony in marine species have been rare (but see Higgins et al. 1997) , rocky shore ecologists have long been aware of the spatial scale of temporal changes in intertidal communities. Spatial scales of change have emerged from long-term monitoring of intertidal biota at yearly and less frequent intervals. Although examples of such studies are well known and the causes of patterns well understood, no particular scales of change have emerged that are consistent among taxa. For example, changes in barnacle populations in southwest England from abundant Semibalanus balanoides in the 1930s to predominantly Chthamalus stellatus in the 1950s were found to extend over a broad area of western Britain and Ireland (Southward & Crisp 1954 , 1956 ). Subsequent changes were closely associated with changes in temperature (Southward 1967 , 1980 , Southward et al. 1995 . The 'Torrey Canyon' oil spill and cleanup caused another broad-scale community-level change (Southward & Southward 1978, in algae on the low and mid shore appear idiosyncratic , with no two sites showing similar changes. In South Africa, however, some similarities in long-term trends have been seen among sites separated by up to 240km (Dye 1998a). In the latter study, and some others (Kendall et al. 1985 , Svane 1984 ) the degree of similarity in temporal change among sites was determined by correlation among time series. The use of correlation to determine spatial synchrony in population changes among spatial networks of sites has been the focus of many recent studies (see Koenig 1999 for review) . Such studies address the nature of the pattern of response over a geographical scale rather than the environmental factors producing change, and may cast new light on studies of long-term change in marine communities. Not least, the method offers an objective index of synchrony that may be compared among different taxa and spatial scales.
There are thought to be two major causes of spatial synchrony in populations (Koenig 1999 , Ranta et al. 1995 . The first is when a spatially autocorrelated density-independent factor ('disturbance') synchronizes fluctuations that are controlled by a common density-dependent structure (the 'Moran effect', Moran 1953 ). The second is dispersal between neighbouring areas.
Dispersal makes synchrony decline with distance in a way that depends on the scale of dispersal (Bjørnstad & Bolker 2000) . Another possible cause of synchrony may be roaming predators that switch between areas with high densities of prey (Koenig 1999) .
Notwithstanding the causes, the degree of synchrony among spatially separate populations has obvious consequences for environmental monitoring. Where population changes occur simultaneously over a broad spatial scale, just one or two monitoring sites will indicate the status of the entire area. Where synchrony is limited to areas within sites or to closely grouped sites, a broad spatial network of monitoring sites will be needed to determine the status of species over a wide area.
Regular monitoring of rocky shore populations in and around Sullom Voe, Shetland has provided the opportunity to access long time series of population changes for a spatial network of monitoring sites. After early broad-scale surveys starting in 1976 (Hiscock 1981) , the present set of 15 core sites have been surveyed every year since 1981 (Fig. 1) . Another 5 sites were added in 1993 that were beyond 10km from the Terminal to aid discrimination of changes in the vicinity of the potential impact sites from those occurring over a broader geographical scale. The survey methodology involved assigning abundance of the conspicuous species to logarithmic or semi-logarithmic categories. Precision was thereby sacrificed to allow typically 30 to 50 species to be assessed at five shore levels at each site, yet producing data that is still amenable to numerical analysis. The resulting data set is an unparalleled collection of spatially referenced time series of abundance for a broad range of contrasting species.
In this study we analyse the Sullom Voe rocky shore survey data for synchrony of population changes in a wide range of contrasting species. Established information on biology and dynamics of populations of the species involved can be used with the synchrony measured here to deduce the most likely causes. Consequences for monitoring rocky shore communities are discussed.
METHODS

Field surveys
Sites were originally chosen to detect change in rocky shore communities around the Oil Terminal in Sullom Voe (Fig. 1) . After a survey of many sites over a broad geographical area (Hiscock 1981) , a core set of 15 sites around the Terminal were chosen for annual monitoring in August of each year. This core set of sites was visited from 1981 until 1992. Reconsideration of the power of the sampling scheme to detect and discriminate natural from anthropogenic change (at the Terminal) lead to the addition of more distant sites to the core set ( Fig. 1) . It was felt that the concentration of effort less than 10km distant from the potential source of effects was not the best use of resources, given that no sites could be considered as control sites in a before-after control-impact design (Underwood & Peterson 1988) . The full set of 15 core sites and 5 reference sites was visited yearly from 1993 to 2000.
Each site survey consisted of a fixed transect relocated in the same position each year (Moore et al. 1995) . Stations were set up along the transect line at 20cm vertical intervals. The abundance of the major animal and plant species were estimated at five of these stations at each site, lower shore (LS), lower middle shore (LMS), middle shore (MS), upper middle shore (UMS) and upper shore (US), corresponding approximately to MLWS, MLWN, MTL, MHWN and MHWS. Before 1992, abundances were also recorded at every 20cm interval on the transect line.
Abundance was scored on seven-point scales of abundance appropriate to each taxon (Hiscock 1981 , modified from Crisp & Southward 1958 Table 1 ). These scales provide rapid estimates of population density based on limited quadrat counts.
Category intervals are similar on logarithmic scales, and are sufficiently well spaced to be not easily misjudged. Use of these scales by different workers during different phases of the study may have contributed to some variability in abundance estimates. Such effects have not been accounted for in subsequent analyses.
Data analysis
As a result of the added sites and the reduced number of stations per site from 1993, the time series was divided into two periods for analysis : 1981 to 1992 and 1993 to 2000. All abundance scores were replaced by the mid-point value on the appropriate scale (Table 1) . Thus a score of 'Common' for barnacles, corresponding to 10-99 per 0.01m 2 , was converted to a value of 50 per 0.01m 2 . These values were converted log base 10. Where abundance was zero for a station at a site in a particular year this was interpreted either as absence if the species were found at other stations at the site, or as a missing value if the species were not recorded at all at the site on that visit. Absence was valued as a population density an order of magnitude less than the minimum defined in the appropriate scale. Average logtransformed abundance was calculated over all five shore levels at each site to provide a single time series for each species at the site.
Selection of species for analysis of spatial synchrony depended on two criteria: that the species were sufficiently ubiquitous (present at > 75% of sites), and was recorded in at least half the years surveyed. Twenty-six species met these criteria for the period 1993 to 2000, while 16 qualified for the period 1981 to 1992.
Synchrony was quantified by correlation among all the time series for each species. The effects of distance on synchrony were determined by linear regression of correlation coefficients on the distance between each site. Because the same sets of data were used many times in calculations, the correlation coefficients could not be considered to be independent of each other. This non-independence of data invalidated standard statistical tests of significance. Therefore, as in similar studies (Paradis et al. 2000 , Swanson & Johnson, 1999 , for each species the statistical significance of the average correlation among sites and the linear regression coefficient of correlation on distance were determined using bootstrap methods (Efron & Gong, 1983) . Selecting 20 sites from the original set with replacement produced a bootstrap sample of the original 20 sites. Correlation coefficients between sites in the bootstrap sample were used to calculate an average correlation and a linear regression of correlation versus distance. This process was repeated 500 times for each species and time period. The mean and standard error of the resulting 500 values of correlation and regression coefficients were used in t-tests to determine whether mean values were significantly different from zero.
RESULTS
For the period from 1981 to 1992, 10 of the 16 species had positive average coefficients of correlation among sites (Table 2) Four taxa showed much greater synchrony among sites in the 1990s than in the 1980s: Corallinaceae, Verrucaria maura and V. mucosa, and Littorina neglecta, while Littorina obtusata showed less synchrony in the 1990s than in the 1980s. The remaining taxa had consistent levels of synchrony in both decades. Semibalanus balanoides, the dominant barnacle species in the area, showed the strongest synchrony of all species in both the 1980s and 1990s with averages significantly different from zero in both periods. The degree of synchrony is evident from plots of time series from a subset of the sites. Abundance of S. balanoides declined to and increased from a minimum in 1993 at all sites (Fig. 2a) . Littorina saxatilis was the only other taxon with significant positive averages in both periods (Fig. 2b) , with maxima at a number of sites evident in the late 1980s and again in the mid 1990s.
Adult limpets (Patella sp.) were intermediate in the strength of synchrony, with little evidence for clear changes across all sites, albeit with a slight increase from 1980s to 1990s (Fig. 2c) . The pattern of changes in abundance of L. obtusata showed similar maxima and minima to that of L. saxatilis (Fig. 2d) .
Several species showed low or no apparent overall correlation among sites.
Dogwhelks, Nucella lapillus, and the algae Fucus vesiculosus, F. serratus and
Mastocarpus stellatus had very low average correlation coefficients. As expected, for these species no changes in abundance over time were discernible that were common to all sites (Figs. 2e, 2f) . Synchrony in population changes was expected to decline with the distance separating the sites compared. A declining trend in synchrony with distance was indeed evident in the most synchronised species, Semibalanus balanoides (Fig. 3) .
However, none of the bootstrap estimates of regression slope were significantly different from zero, out of the 16 and 26 calculated for 1981-1992 and 1993-2000 periods respectively. Neither was there a tendency for regression slopes to be negative. Ten regression slopes out of 16 for 1981-1992 and 10 of 26 for 1993-2000 were negative, frequencies not significantly different from an expectation of 50:50.
Associations of synchrony with species characteristics
The association of species synchrony with species abundance, aspects of vertical distribution, whether animal or plant species, and approximations of the length of dispersal phase effects was measured by simple correlation (Table 4) . Taking the average correlation across the range of sites as the measure of synchrony, it can be seen that species present at more sites in more years were more likely to have larger average correlation. The duration of the larval phase had no significant consistent effect on synchrony for the whole set of species. Some species with planktonic larvae showed very little synchrony (Littorina littorea) while others (S. balanoides) were strongly synchronised. Animals were more synchronised than plants during the 1980s, but this effect was not seen in the second time period.
In the second time period, species living higher on the shore, with a greater vertical range and with an upper limit near the top of the shore, tended to be synchronised across the sites. Thus species living lower on the shore in narrower zones were less synchronous. The height of the lower limit of the species had little effect. Finally, certain species in the set were more abundant at wave-exposed sites while others were more typical of sheltered sites. To quantify this tendency, a principal components analysis was done on the average abundance for species in Table 2 at each site over the 20 years of data (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . The first principal component explained 36.5% of the total variance and was strongly correlated with the exposure rating of the site as originally defined on the Ballantine (1961) scale (Kendall's tau b = -0.78493, n=20, P<0.0001). Thus the factor loading for each species for the first principal component was a good measure of affinity for wave exposure or shelter (Table 3) . Species more common on wave-exposed shores were not more synchronous than those more common in shelter.
DISCUSSION
In this study changes in abundance of most species were positively correlated among sites, with 25% (4 of 16) and 31% (8 of 26) significantly greater than zero.
Given that many previous studies have identified large-scale changes in abundance and distribution of barnacles (see Introduction), it was perhaps not surprising that Semibalanus balanoides was the most synchronised of all species examined (1981-1992: 0.27, 1993-2000: 0.35 ). This species is one of the few intertidal species for which population synchrony has previously been quantified. Peak settlement counts of S.
balanoides from 1975 to 1981 in North Yorkshire were very strongly correlated among sites (r=0.6-0.95) along a 60km stretch of linear coast, while over the same period along a complex coastline in Northwest Scotland a wider range of correlation was seen (-0.16 to 0.98). Reduced synchrony along a complex coastline may be due to differences in orientation and coastal configuration among sites, resulting in a greater range of environmental conditions among sites separated by similar distances , and potential supply of wind-driven dispersal stages (Hawkins & Hartnoll 1982) . Large-scale synchrony of changes in barnacle populations has also been seen in Tetraclita serrata in South Africa (Dye 1998a).
By contrast with S. balanoides, the dogwhelk Nucella lapillus showed very little synchrony. The species has very limited dispersal, producing egg capsules and having a high degree of microgeographic genetic variability (Day 1990 , Kirby et al. 1997 . Populations in the vicinity of the Oil Terminal in Sullom Voe have advanced tributyltin-induced imposex from the antifouling paints used on large ships (Davies & Bailey 1991 , Harding et al. 1997 . Decline, extinction and subsequent partial recovery of dogwhelk populations in this area can be seen in the time series (Fig. 2f) .
The localised effect reduced the correlation among the populations in the whole area. Possible consequences for other species of changes in dogwhelk populations (Moore et al. 1995) were not investigated.
From the above examples it is tempting to draw generalities as to the influence of the characteristics of particular species on degree of synchrony. Species with broadscale dispersal of long-lived larvae would seem predisposed to show synchronized changes across a broad range of sites, while those with limited dispersal such as macroalgae (Reed et al. 1988 , Sousa 1984 ) might be more likely to synchronised over shorter distances. Analysis of association of degree of synchrony with species characteristics showed no effect of the mode and degree of dispersal. Littorina littorea also has an extended pelagic larval phase, yet showed no significant synchrony among the sites in either period. The general conclusion that widely dispersed species are more synchronised is therefore not supported by the present set of species and sites.
The nature and causes of synchrony may be specific to particular spatial scales.
Synchrony on very small scales (1m to 100m) may be due to the dynamics of community patches, driven by patchy disturbance and recovery (Sousa, 1984) species interactions (Johnson et al. 1998 , Johnson 2000 .
Where spatial interaction effects ensure that adjacent patches cycle out of phase with each other this may account for positive trends of spatial autocorrelation with distance at small scales (Heino et al. 1997) . Small-scale variation in abundance due to patchiness may influence yearly site values when fixed study sites are used, as in this study.
At larger spatial scales (typically beyond 10s km) spatially autocorrelated disturbance (the Moran effect) and dispersal are the dominant causes of synchrony.
In terrestrial systems spatial synchrony of population fluctuations over 100s of km is common: in the UK butterflies (Pollard 1991) and birds (Paradis et al. 2000) have been shown to dominated by widespread factors. Separating the Moran effect from that of dispersal-induced synchrony requires more thorough understanding of the density dependence of the populations involved (Swanson & Johnson 1999 ). Both effects may act. Density-dependent cycles in red grouse and rock ptarmigan populations are synchronised by weather (the Moran effect), but dispersal plays some part in entraining changes in adjacent areas (Watson et al. 2000) .
For those marine species with planktonic larvae, such as sessile invertebrates (Roughgarden et al. 1988 , Underwood & Fairweather 1989 or teleost fishes (e.g. plaice, Ziljstra & Witte 1985) , population fluctuations are thought to be driven by variation in larval supply. While this may imply that dispersal should be an important influence on synchrony, it may be that vulnerability of early life stages to environmental conditions varying on large scales is the dominant cause. Evidence for the latter is to be found in the often strong association of synchronous changes with environmental conditions. Plaice recruitment time series around the UK over the last 20 to 40 years are strongly correlated (Fox et al. 2000) , with a common signal correlated with sea temperature. Barnacles in SW England (Southward et al. 1995) also follow temperature, while wide-scale synchrony in California is driven by interannual variation in coastal upwelling affecting offshore advection of larvae (Roughgarden et al. 1988 ).
For some species there may be an influence of wider geographical distributions.
Those species operating near limits may rely on sporadic successful recruitment events . Successive failure of recruitment may ultimately lead to local extinction and thus a change in distribution. This phenomenon may produce synchrony through a Moran effect operating on dispersal stages but not through dispersal itself. S. balanoides is also strongly temporally synchronised, with the synchronous release of larvae occurring over a wide area (Kendall et al. 1985) possibly to coincide with the presence of food species in the plankton (Barnes 1956) At the level of whole rocky shore communities, long-term studies produce inconsistent conclusions as to the spatial scale of temporal change. Large-scale longterm changes may dominate variation in abundance and community composition, and are thought to be associated with oceanographic processes (Shanks 1983 , Caffey 1985 , Gaines et al. 1985 , Underwood et al. 1983 , Dayton et al. 1999 . Where these changes have been analysed statistically, major shifts in community structure have been found to be due to changes in a subset of species. On South African shores, changes in community composition common to distant sites were mostly due to changes in the barnacle species (Dye 1998b). This group shows a similar degree of spatial synchrony in this and other studies (Caffey 1985 , Judge et al. 1988 . Similarly, lack of synchrony in low shore algal species in this study has also been found elsewhere , Menconi et al. 1999 . Low shore algae may be more susceptible to direct effects of local factors, such as anthropogenic disturbance (Benedetti-Cecchi et al. 2001) or grazing (Benedetti-Cecchi et al. 2000) . Where these effects are consistent over large scales, large-scale changes may result (Benedetti-Cecchi et al. 2001 ). More often it seems that processes affecting low shore algae are idiosyncratic to particular conditions prevailing at each site.
The spatial extent of population synchrony has obvious implications for monitoring strategies. Such is the degree of synchrony in S. balanoides, for example, that changes at a single site adequately reflect changes over the whole of the southwest of England (Southward et al. 1995) . More sites will be needed to estimate large-scale changes in species with weaker synchrony among sites.
Long-term study of rocky shore communities has shown that some of the dominant species are good indicators of ecosystem responses to climatic change (Southward et al. 1995) . This study indicates that species other than barnacles common on rocky shores show relatively low correlation among time series, and therefore may be less sensitive indicators. Climate change should affect all sites similarly. However, most of the sites in this study were over a very limited spatial scale (0-30km) in a semi-enclosed area that may be more prone to local effects, such as the effects of the Oil Terminal on dogwhelks, rather than climatic effects. This to detect climatic influences (such as COST 47: Lewis 1984) . The complexity of the local coastline may also mitigate broad-scale synchrony driven by climate. .4, 2.9, 6.14, 3.12) were monitored from 1993 onwards. Symbols used as Fig. 2 . 
